ESCRT-III is a ubiquitous complex which catalyzes membrane fission from 2 within membrane necks via an as yet unknown mechanism. Here, we reconstituted in 3 vitro the ESCRT-III complex onto membranes. We show that based on variable affinities 4 between ESCRT-III proteins and the ATPase Vps4, subunits are recruited to the 5 membrane in a Vps4-driven sequence that starts with Snf7 and ends with Did2 and Ist1 6 which, together, form a fission-active subcomplex. Sequential recruitment of ESCRT-III 7 subunits is coupled to membrane remodeling. Binding of Did2 promoted the formation of 8 membrane protrusions which later constricted and underwent fission mediated by the 9 recruitment of Ist1. Overall, our results provide a mechanism to explain how a sequence 10 of ESCRT-III subunits drives membrane deformation and fission. 14 catalyze membrane fission from within membrane necks in all investigated cellular 15 processes requiring this type of fission event (1-16). ESCRT-III polymers are nucleated 16 by several factors. ESCRT-II, which binds ESCRT-III core subunit Vps20, is the 17 canonical one. Besides Vps20, yeast ESCRT-III complex contains three other core 18 subunits: Snf7, which binds Vps20-ESCRT-II, as well as Vps2 and Vps24, which, in 19 tandem, bind Snf7 and recruit the AAA-ATPase Vps4 via their [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . 20 While all ESCRT-III subunits have MIM-domains, their specific affinities for Vps4 differ 21 widely (22, 23, 25) . Vps4 ATPase activity remodels ESCRT-III by inducing turnover of 22 ESCRT-III subunits, controlling the balance between polymer growth (27) and 23 disassembly (24-26). ESCRT-III core subunits assemble, alone or in various 24 stoichiometries, into single or multiple stranded filaments (24, (28) (29) (30) (31) (32) (33) . These filaments 25 usually exhibit high spontaneous curvature, but a low rigidity, which leads to diverse 26 helical shapes like spirals (30, (32) (33) (34) , conical spirals (28, 34) and tubular helices (24, 27 35). While the possibility that transitions occur between those shapes is under debate (36) 28 many findings support the notion that Vps4-dependent ESCRT-III remodeling promotes 29 membrane constriction and fission (7, 27, 37) . The most direct evidence is the 30 asymmetric constriction of in vitro formed CHMP2-CHMP3 (mammalian homologs of 31 Vps2 and Vps24) tubular copolymers by Vps4 (38). While attempts to reconstitute fission 32 in vitro with ESCRT-III core subunits provided conflicting results regarding the role of 33 2 Vps4 (39, 40), the most constricted polymers observed with Snf7, Vps2 and Vps24 34 exceed a radius of 10 nm (24, 27, 30, 32, 33) , far from the theoretical limit of 3 nm 35 required for spontaneous fission (41) and far from the radius of experimentally observed 36 dynamin pre-fission intermediates (42). This suggests that other subunits or mechanisms 37 are at play to reach sufficient constriction for membrane fission. 38 Aside from core ESCRT-III proteins, accessory subunits are thought to play a role 39 specific to subsets of ESCRT-III functions. However, their contributions to the ESCRT-40 III membrane remodeling function is less understood. For example in mammalian cells, 41 CHMP7 nucleates ESCRT-III assembly in nuclear envelope reformation (43-45), or 42 CHMP1B is required for Spastin recruitment to cleave microtubules at the site of 43
Fig. 1. Vps2-Did2 and Vps2-Vps24 regulate Snf7 polymerization and disassembly. A-D. 100
Negative stain electron micrographs of ESCRT-III filaments polymerized on LUVs. Histograms 101
show the distribution of number of strands per bundle (scale bar: 100nm). E. Proposed assembly 102
of Snf7-Vps2-Vps24-Did2 filaments. F. Scheme of supported lipid bilayer (SLB) Snf7-patch of free Snf7 or driving their growth in presence of free Snf7 (27) . Interestingly, Vps2-138 Did2 promoted disassembly of Snf7-patches more efficiently than Vps2-Vps24 ( Fig. 1K ) 139 even in presence of free Snf7 (Fig. 1L ). When both Vps24 and Did2 were present at 140 equimolar ratio, Did2 dominated and promoted disassembly. Thrillingly, ESCRT-III 141 turnover dynamics could be changed from growth to disassembly by increasing the 142 Did2:Vps24 molar ratio in presence of free Snf7 (Fig. 1M) . 143 These results show that Vps2-Vps24 and Vps2-Did2 subcomplexes have Vps24-disassembly ( Fig. S2A ), as seen for Snf7 ( Fig. 1K) , it delayed Vps2-disassembly 158 ( Fig. S2B ). Moreover, whereas Alexa488-Vps24 promptly disassembled upon addition of 159 Vps4/ATP, Atto565-Did2 intensity initially increased on Snf7-patches ( Fig. 2A ). We, 160 therefore, wondered whether Vps4 could exchange Vps24 with Did2 as binding partner 161 of Vps2. Indeed, the Vps24:Vps2 ratio decreased upon Vps4-induced subunit-turnover in 162 presence of Did2, whereas it remained stable when Did2 was missing ( Fig. 2B-D) . 163 Conversely, Did2:Vps2 ratio initially increased during subunit-turnover before the ratio 164 plateaued (Fig. 2C) , implying a subunit exchange of Vps24 to Did2 (initial phase) 165 followed by a disassembly of a then pure Did2-Vps2 filament (plateau phase Did2-recruitment via Vps24 and accumulation of Vps24 and Snf7 in did2∆ yeast (53) . 197 Overall, our data establish occurrence of specific subunit exchange of Vps24(-Vps2) with 198 Did2(-Vps2) within persistent ESCRT-III assemblies driven by differential affinities 199 between subunits and differing stimulatory effects on Vps4 activity. We next asked Did2 forms a complex with Ist1 (56, 57) , which is also the most constricted helix 234 of ESCRT-III filaments reported so far (28) . We thus wondered if addition of Ist1 could 235 trigger further constriction of the tubular protrusions observed by with Vps2-Did2. In 236 coherence with previous in vivo studies (56, 57) , incubation of Atto565-Ist1 with Snf7-237 patches and various ESCRT-III subunits revealed that Ist1-binding to ESCRT-III 238 assemblies is strictly dependent on Did2-recruitment ( Fig. S3A-B ). Presumably, 239 enhanced Ist1-binding observed with Vps2-Did2-Vps24 results from Vps24-mediated 240 increase of Did2-recruitment ( Fig. S1A-B ). Did2-binding to Vps2 was unaffected by Ist1, 241 excluding competitive binding ( Fig. S3C ).
Fig. 3. Vps4 drives a sequential recruitment and disassembly of ESCRT-III. A. Kymographs 244
and fluorescence quantification of patch assays in which Vps4/ATP was added at t=0 min (orange 245 dash-line) to pre-grown Snf7-patches pre-incubated with Vps24, Vps2, Did2, and Ist1. (labelled 246 proteins: Alexa488-Snf7 n=3 ROI=108, Alexa488/Atto565-Vps2 n=3 ROI=107, Alexa488-247
Vps24 n=3 ROI=110, Atto565-Did2 n=4 ROI=137, Atto565-Ist1 n=4 ROI=201; mean ± SD). B. 248
Kymographs and fluorescence quantification of patch assays in which Vps4/ATP was added at 249 t=0 min to Snf7-patches pre-incubated with Vps24, Vps2, Alexa488-Did2, and Ist1. Before 250 addition of Vps4, the soluble pool of Alexa488-Did2 was exchanged for Atto565-Did2. 251
Alexa488-Did2 and Atto565-Did2 fluorescence were plotted over time (n=3 ROI=54; mean ± 252 SD). C. Kymographs and fluorescence quantification of assays in which Vps4/ATP was added at 253 t=0 min to Snf7-patches pre-incubated with Vps24, Vps2, Did2 and Alexa488-Ist1. Before 254 addition of Vps4, the soluble pool of Alexa488-Ist1 was exchanged for Atto565-Ist1. Alexa488-255
Ist1 and Atto565-Ist1 fluorescence were plotted over time (n=3 ROI=46; mean ± SD). D. 256
Kymographs and fluorescence quantification of patch assays in which Vps4/ATP was added at 257 t=0 min to Snf7-patches pre-incubated with Atto565-Did2, Vps2, Vps24 and the indicated 258
proteins. 10xVps4 correspond to a condition where Vps4 concentration was increased ten times. 259
Atto565 Vps4, (22, 23, 48, 54) . Therefore, we asked if Ist1 could prevent Did2 disassembly by 290 masking the Vps4 binding-site of Did2. Indeed, Vps4-dependent Did2-disassembly could 291 be abrogated by increasing the Ist1:Vps4 molar ratio (Fig. 3D, S3E ), demonstrating that (17)) ( Fig. 3E, S3G ). Immediately, Snf7 patches Vps4, which will deplete Vps2 and Vps24 from the polymer while Did2 is stabilized 323 transiently at the membrane. Only once the ESCRT-III assembly, at the end of the 324 sequence, contains solely Did2-Ist1, Vps4 can overcome Ist1-mediated protection to 325 promote Did2-disassembly (Fig. 3G) . As a support to this hypothesis, we could not detect 326 Ist1 recruitment upon addition of the full protein mix with an Vps4:Ist1 molar ratio of 327 1.5, suggesting that Ist1 levels in ESCRT-III assemblies are low. However, Ist1 328 accumulated at ESCRT-III assemblies with an Ist1:Vps4 molar ratio of 1, mirroring 329 incorporation of Did2 (Fig. S3H) . 330 Our data demonstrate that ESCRT-III is a dynamic polymer that, after nucleation, 331 automatically undergoes a Vps4-driven sequence of assembly, membrane remodeling and 332 disassembly. We show that the initial Snf7 structure recruits primarily Vps2-Vps24 The ESCRT-III recruitment-sequence we describe here was never observed 341 before, probably because Did2 and Ist1, which step in later in the sequence than the core 342 members of ESCRT-III (Vps2, Vps24 and Snf7), were omitted (3, 37) . Upon induction of 343 ESCRT-III recruitment to endosomes by hypertonic shock in mammalian cells (15) , we 344 observed a delayed recruitment of IST1 (mammalian homolog of Ist1) compared to 345 CHMP4B (mammalian homolog of Snf7) (Fig. 3H, S4) . These results evidence that the 346 ESCRT-III recruitment sequence we found in vitro also occurs in vivo during triggered 347 ESCRT-III activity. Following recruitment, IST1 resided at endosomes, in contrast to 348 CHMP4B which disassembled. Since we observed similar behavior with a lowVps4:Ist1 349 ratio in vitro, we speculate that triggered global ESCRT-III recruitment might strongly 350 diminish the cytosolic pool of Vps4 and thereby inhibit effective IST1 disassembly. In 351 vitro, one cycle of ESCRT-III assembly and disassembly took several minutes, which is longer than the formation of Intra luminal vesicles (ILVs) or viral budding in vivo but 353 shorter than abscission during cytokinesis (3, 7, 60, 61) . Since the dimension of Snf7-354 patches and ESCRT-structures at the cytokinetic bridge largely exceed Snf7-polymers 355 during ILV formation, we speculate that the size of ESCRT-polymer could influence the 356 kinetics of subunit recruitment.
357
As a next step, we investigated how the complete sequence is coupled to the suggesting that Ist1 triggers constriction of ESCRT-III polymers (Fig. 3I) . Considering a 362 thickness of 4 nm per bilayer and that membrane protrusions were measured across outer 363 leaf flats, a distance of about 4.1 nm between inner leaf flats would be expected in these 364 structure, which is similar to values observed in dynamin-mediated membrane fission 365 (42) and is close to the theoretical estimated limit for membrane fission (41) . 
374
In those constricted necks, helical collars were observed (Fig. 4A, S5B ).
375
Addition of Ist1 to these structures did not change the spiral diameter (20.2 nm ± 376 2.1 nm, Fig. 4B, D, F, S5B ). However, when Vps2-Did2-Ist1 spirals were treated in 377 solution with Vps4/ATP, polymers constricted in-between bulges (13.5 nm ± 3.5 nm; inward (lower panel) pulled membrane nanotubes were incubated with indicated proteins. 391
Binding of Alexa488-Snf7 was plotted against the diameter of the membrane tubes (green, 392
binding; red, not binding; purple, nucleation of large aggregates). H. Schematic representation of 393 artificial membrane necks assay with beads engulfed in GUVs and linearized contour of GUVs 394
taken from confocal images of membrane necks incubated with the indicated proteins. 395
Colocalization of Alexa488-Snf7 with artificial membrane necks (Atto647N-DOPE peaks) was 396 quantified by measuring of the percentage of positions with both Atto647N-DOPE and Alexa488-397
Snf7 intensities above a threshold value along the contour (see Fig. S6C and SI). I. Schematic 398
representation of the membrane fission assay and its discriminating criteria (see also Fig. S6H ).
399
The indicated protein mixture was added to artificial membrane necks pre-incubated with 400
ESCRT-II, Vps20, Snf7 before necks were probed for fission by pulling beads inside the GUVs 401
using optical tweezers and then releasing the beads (scale bar: 5µm and membrane remodeling activities (see also figure S7 ). 407 408 409 tubules, as revealed by rows of aligned vesicles (Fig. 4E ). This result may support a role 410 for tension in ESCRT-III mediated fission, as dynamin-mediated fission could only be 411 observed when tubes were pre-absorbed onto EM-grids using a similar assay (62), an 412 effect later shown to be due to increased membrane tension (63) .
413
As further evidence for ESCRT-III mediated fission, we separated liposomes and 414 small vesicles formed during ESCRT-III action by centrifugation. When liposomes were 415 treated with Vps2-Did2-Ist1-Vps4/ATP, a significant increase in small vesicles was 416 observed in the supernatant compared to liposomes treated with Vps2-Did2 alone. These 417 observations further substantiate the notion that Ist1-induced constriction leads to fission 418 (Fig. S5C ). In these experiments, however, ESCRT-III-mediated fission occurs in the 419 reverse orientation than the native scenario, where subunits are found in the lumen of the 420 membrane neck. 
ESCRT-II and Vps20 control orientation of ESCRT-III polymerization and fission.

424
A powerful assay to study fission is pulling membrane tubes from GUVs (64) (65) (66) . 425 In this assay, streptavidin-coated beads are put in contact with an immobilized GUV 426 containing exposed biotin moieties, and a tube is pulled by moving the bead trapped in 427 optical tweezers. Tubes can be pulled outward the GUV, or inward the GUV (67) . In the 428 latter case, glass beads are nearly 429 completely engulfed by the GUV membrane, because of the adhesive forces between 430 glass and lipids. This assay allowed us to test recruitment of ESCRT-III assemblies as a 431 function of positive and negative curvatures (Fig. 4G, S6A ).
432
As reported previously, Snf7 did not polymerize on tubes pulled outwards with a 433 radius smaller than 35 nm ( Fig. 4G) (33) . Unexpectedly, Snf7 was unable to bind to tubes 434 pulled inward below a threshold radius of 115 nm. Addition of ESCRT-II and Vps20, 435 which were previously suggested to trigger binding of Vps32 (C.elegans homolog of 436 Snf7) or CHMP4B (human homolog of Snf7) to curved membranes (68, 69) , partially 437 restored binding, as large Snf7 structures formed on positively curved tubes smaller than 438 35 nm, but had no effect on binding of Snf7 to negatively curved tubes (Fig. 4G) . 439 We reasoned that the unidirectional curvature of tubes might prevent Snf7 binding 440 to negatively curved membranes. In necks, a prototypic saddle-like structure, both 441 positive and negative curvatures are at play (Fig. 4H, S6B ). To reproduce these 442 specificities, instead of pulling engulfed glass beads into GUVs to form membrane tubes, 443 we applied ESCRT-III subunits directly to necks connecting engulfed beads to GUV 444 membranes ( Fig. 4H ). Artificial membrane neck instantly triggered, site-specific 445 nucleation of Snf7 by ESCRT-II and Vps20, which were both sufficient and essential 446 ( Fig. 4H, S6C ). Upon prolonged incubation, Snf7 alone nucleated non-specifically on 447 GUVs.
448
To test if the same recruitment sequence of ESCRT-III subunits was functioning 449 at necks as observed on supported bilayers, we added mixtures of Vps2, Vps24, Did2, As shown above, ESCRT-III assemblies did not form onto inward-pulled 455 membrane tubes precluding us from probing membrane fission directly. Thus, engulfed 456 beads with pre-grown Snf7 necks were incubated with a mix of all remaining subunits 457 (Vps2-Vps24-Did2-Ist1-Vps4/ATP), before beads were pulled inside the vesicle using 458 optical tweezers. In this assay, we scored beads that could not be pulled into the GUV 459 ( Fig S6H) , and beads that could be pulled in but when released, instantly retracted to the 460 membrane due to a formed membrane tube, as non-fission events (Fig 4I) . Only beads 461 that, after being pulled and released, remained in the GUV center were scored as fission 462 events (Fig.4I) . In this regards it should be noted that in previous attempts to monitor 463 ESCRT-III-mediated fission based on outward tube pulling, tube detachment due to 464 rupture of the DOPE-biotin-streptavidin association could erroneously be confused with 465 membrane fission (39) . In contrast, in our assay, internalization of beads into the GUV Overall, our results show that Vps4-driven sequential recruitment of subunits is 479 the mechanism by which ESCRT-III constricts membranes (Fig. 4J, S7) . In clathrin-480 mediated endocytosis, the sequence of subunit recruitment was first identified in yeast 481 (70) and later shown to be the same in mammalian cells (71) . The ESCRT-III sequence 482 we identified here is another example of a membrane remodeling process driven by a 483 sequential recruitment of proteins, and had been postulated before from biochemical 484 studies (17, 19, 30, 40) , even though never directly observed. 485 We found that, in agreement with previous studies of C.elegans homologues (69), 486 positive curvature triggers Snf7-nucleation by ESCRT-II and Vps20. In forming vesicles, 487 positively curved membrane is limited to the rim, in contrast to negative curvature, which 488 is found throughout the nascent bud. We, therefore, speculate that sensing positive 489 curvature allows ESCRT-II and Vps20 to target Snf7 nucleation to the rim of shallow 490 membrane invaginations pre-formed by crowded cargo and early ESCRT-proteins during 491 ILV formation (72) (73) (74) (75) . Since Snf7 exclusively binds to low-curvature membrane and 492 polymerizes in spiral-shape, it seems conceivable that a nucleated filament grows around 493 the nascent bud. We envision that the initial polymer made of single-stranded Snf7 is 494 highly flexible and with a low spontaneous curvature to adapt to large membrane necks.
495
The sequence of recruitment probably builds stiffer assemblies through thickening and 496 bundling (first Vps2-Vps24 and later Vps2-Did2 (see (76) for more detailed description)) 497 that transform into their preferred topology and curvature which are then further 498 constricted by addition of Ist1 and removal of Vps2.
499
The final Did2-Ist1 assembly generated through the described sequence is the 500 tightest helical collar of ESCRT-III proteins characterized so far, and the only one 501 compatible with constriction sizes that lead to fission (28) . Besides the technical issues 502 associated with studies in which fission was proposed to be mediated by Snf7-Vps2-503 Vps24 (39, 40) , ESCRT-III structures composed of these proteins have radii of at least 14 504 nm (24, 27, 30, (32) (33) (34) 77) , which is incompatible with fission. Further, we addressed the 505 issue of ESCRT-III recycling after membrane fission. We imagine a ratio-dependent 506 interplay of Ist1-mediated stabilization and Vps4-induced disassembly of Did2 to balance 507 between establishing the Did2-Ist1 polymer to promote fission and recycling of the 508 ESCRT-III structures.
509
Another important point solved by our study is the orientation of the protein 510 complex towards the membrane. While in most cellular functions, the ESCRT-III 511 complex is found inside the membrane neck it breaks, CHMP1B(Did2)-Ist1 complex can 512 form and constrict membrane tubes from outside (28) . This is compatible with the 513 proposed role of ESCRT-III in fission of endosomal tubules (78) . We observed that Did2-514 Ist1 can adapt and fission membrane in both orientations depending on its nucleation.
515
Did2-Ist1 is nucleated inside membrane necks by a sequence of recruitment initiated by 516 ESCRT-II-Vps20. If Did2-Ist1 is directly nucleated using Vps2, it forms around necks.
517
Overall, our results identify the Did2-Ist1 complex as the most constricted ESCRT-III 518 complex, and the one competent for fission. However, whether other important players, 519 such as cargoes (75) , are essential for fission remains to be investigated.
